We compared 7 populations of woodmice, Hylomyscus stella (Thomas, 1911) , from west-central, east-central, and east Africa using traditional morphometric data of the cranium. Our results are congruent with previous molecular and cytogenetic data, and demonstrate that specimens previously identified as H. stella represent 2 cryptic species: H. stella from east-central and east Africa, and Hylomyscus sp. nov. from west-central Africa. According to current knowledge, the new species of Hylomuscus is a forest-dwelling species inhabiting the region between the Sanaga River and the Oubangui and Congo rivers in Cameroon, Central African Republic, Gabon, and Republic of the Congo. It is sympatric, and even syntopic, with the morphologically closely related species H. alleni. These 2 cryptic species can be distinguished by traditional morphometric analysis of the cranium and by examination of molecular data.
Woodmice of the genus Hylomyscus Thomas, 1926 , are small-sized rodents belonging to the family Muridae (Musser and Carleton 2005) . They are geographically restricted to tropical Africa, where they are abundant in forest and dense vegetation (Nicolas and Colyn 2003; Rosevear 1969) . Based on external and craniodental morphology, Hylomyscus species were separated into 6 species groups: aeta, alleni, anselli, baeri, denniae, and parvus (Carleton et al. 2006) . Within these species groups, Hylomyscus species are morphologically similar and, as a result, the taxonomy of each species is a subject of debate (Carleton et al. 2006; Robbins et al. 1980; Rosevear 1966 Rosevear , 1969 . Two species of the alleni group are usually considered to be sympatric in the west-central African region between the Sanaga River and the Oubangui and Congo rivers: H. alleni (Waterhouse, 1837) and H. stella (Thomas, 1911 ) (Gabon-Brosset et al. 1965 ; Bioko and adjacent CameroonEisentraut 1969 ; Gabon, Republic of the Congo, and Central African Republic- Nicolas et al. 2006; southern CameroonRobbins et al. 1980) . Recently, Nicolas et al. (2006) showed that, based on cytogenetic and molecular data, H. stella could include 2 cryptic species: H. stella haplotype clade 1 in eastcentral and east Africa and H. stella haplotype clade 2 in westcentral Africa. Moreover, these authors also demonstrated that the form kaimosae (Heller, 1912) , described from Kakamega Forest in Kenya and usually considered as a subspecies of H. stella (Musser and Calerleton 2005) , should be considered as a distinct species not closely related to H. stella.
The morphological distinction between H. alleni and H. stella haplotype clade 1 has generally been considered to be difficult (Musser and Carleton 2005; Robbins et al. 1980; Rosevear 1966) . However, the 2 species can easily be discriminated using 16S rRNA and cytochrome-b sequences (Nicolas et al. 2006) , whereas the results based on cytogenetic data are inconclusive. In Cameroon, the karyotypes of these 2 species were shown to have the same diploid number of chromosomes (2n ¼ 46). Matthey (1963) and Robbins et al. (1980) reported on variation in the number of autosomal fundamental number in Cameroon and Republic of the Congo. Robbins et al. (1980) reported that H. alleni has FNa ¼ 68, whereas H. stella haplotype clade 2 has FNa ¼ 70. However, Lecompte et al. (2005) reported on specimens of H. stella haplotype clade 2 from Gabon with FNa ¼ 68. Musser and Carleton (2005) noted that these differences in autosomal fundamental number may be due to intrapopulation variation.
Our objectives in this paper are 2-fold. Our 1st objective was to morphologically compare several populations of H. stella haplotype clade 1 and H. stella haplotype clade 2, in order to describe a new species from west-central Africa. Our 2nd objective was to document both intra-and interspecific cranial morphometric variation in H. alleni and H. stella haplotype clade 2, in order to gain an insight on how to discriminate these 2 sympatric species in west-central Africa.
MATERIALS AND METHODS
Specimens examined in this study are housed in the Museum National d'Histoire Naturelle de Paris (MNHN, Paris, France), the Musée Royal de l'Afrique Centrale (RMCA, Tervuren Belgium), the Natural History Museum (BMNH, London, United Kingdom), the Staatliches Museum für Naturkunde (SMNS, Stuttgart, Germany), and the Carnegie Museum of Natural History (CMNH, Pittsburgh, Pennsylvania). All specimens from the MNHN examined in this study were collected by Marc Colyn and colleagues (University of Rennes 1). All the specimens examined in this study are listed in Appendices I and II, and their collecting localities are indicated in Fig. 1 . For animal care and use, we followed the guidelines approved by the American Society of Mammalogists (Gannon et al. 2007) .
Discrimination between species was based on both collecting locality (i.e., H. stella haplotype clade 1 from central and east Africa, and H. alleni and H. stella haplotype clade 2 from west-central Africa) and on skull morphology. Species designations were confirmed by 16S rRNA gene sequencing of 140 specimens (H. alleni: n ¼ 61, H. stella haplotype clade 2: n ¼ 68, and H. stella haplotype clade 1: n ¼ 11).
We recorded body mass (WT; in g) and 4 external measurements (in mm) that included head and body length (HBL), tail length (TL), hind-foot length with claw (HFL), and ear length (EL). We recorded 23 cranial and dental measurements (in mm; Fig. 2 ) that included greatest length of skull (GRLS), condylobasal length (PRCO), henselion-basion length (HEBA), henselion-palation length (HEPA), length of palatal foramen (PAFL), length of diastema (DIA1), distance between M1 alveolus and cutting edge of upper incisor (DIA2), smallest interorbital breadth (INTE), zygomatic breadth on the zygomatic process of the squamosal (ZYGO), smallest palatal breadth between 1st upper molars (PALA), length of maxillary cheek toothrow (UPTE), breadth of upper dental arch (UPDA), greatest breadth of M1 (M1BR), smallest breadth of zygomatic plate (ZYPL), greatest breadth of nasals (BNAS), greatest length of nasals (LNAS), length of mandibular toothrow (LOTE), length of auditory bulla (BULL), greatest breadth of braincase (BRCA), depth of I1 (DINC), mediosagittal projection of rostrum height at anterior border of 1st upper molars (ROHE), greatest rostrum breadth (ROBR), and distance between the extreme points of the coronoid and the angular processes of the mandible (PCPA). All measurements were recorded by a pair of digital calipers (Helios-digit; Helios, Schwäbisch-Hall, Germany) and were recorded to the nearest 0.05 mm.
Only specimens with erupted functional (worn) molars were used for morphometric analyzes. Sexual dimorphism in craniodental morphometric variables was evaluated using analysis of variance (ANOVA-Scheffé 1959) of the populations with the largest sample size within each of the species that included H. alleni from Ngotto Forest, Central African Republic (n ¼ 184); and H. stella haplotype clade 2 from Doudou Mountains, Gabon (n ¼ 203) . No statistically significant differences (P . 0.1) between males and females were detected in H. alleni from Ngotto forest. Only 8 of the 23 measurements were statistically significantly different between males and females in H. stella haplotype clade 2 from Doudou Mounts, and 5 of these 8 measurements showed statistically significance differences that range between P , 0.02 and P , 0.04. The general lack of sexual dimorphism justified the pooling of sexes in all subsequent morphometric analyses in the present study.
Analysis of variance also was used to test for statistically significant differences between species. Where statistically significant differences were detected, Scheffé post hoc tests (Scheffé 1959) were used to determine statistically nonsignificant subsets. Discriminant analysis was used to assess morphometric differences between species. Statistically significant differences between designated species group centroids were evaluated by means of Mahalanobis distances and Wilks' lambda statistics (Klecka 1980) . All multivariate analyses were based on log 10 -transformed cranial morphometric data. Additional analyses included standard descriptive statistics. All statistical analyzes were performed using algorithms in STATISTICA version 6.0 (StatSoft Inc. 2001) .
RESULTS
Comparison between H. alleni, H. stella haplotype clade 1, and H. stella haplotype clade 2.-On average, H. alleni has a smaller HBL than H. stella haplotype clade 1 and H. stella haplotype clade 2, and a smaller EL and a longer HFL than H. stella haplotype clade 2 (Table 1) . No statistically significant differences in external measurements were recorded between H. stella haplotype clade 1 and H. stella haplotype clade 2. For direct comparison between the 3 species, BRCA was excluded from the discriminant analysis because it could not be recorded in the holotype of H. alleni because of damage. Seventy-three percent of the total variation is expressed by the 1st canonical variates axis, whereas 27% of the total variance is explained by the 2nd canonical variates axis. The group centroids of the 3 species were highly statistically significantly different from each other (Wilks' lambda ¼ 0.122; P , 0.0001; Fig. 3 ). Squared Mahalanobis distances between species were 13.88 between H. alleni and H. stella haplotype clade 2, 16.39 between H. alleni and H. stella haplotype clade 1, and 9.74 between H. stella haplotype clade 1 and H. stella haplotype clade 2.
The 1st canonical variates axis discriminates populations of H. stella haplotype clade 1 and H. stella haplotype clade 2 from those of H. alleni. The factor structure matrix indicates that BULL, LNAS, and ZYPL, and to some extent GRLS, are the most negatively correlated variables on the 1st canonical variates axis (Table 2 ). The 2nd canonical variates axis discriminates populations of H. stella haplotype clade 1 from those of H. stella haplotype clade 2. UPTE, LOTE, ZYPL, ZYGO, and BULL were the most positively correlated variables on the 2nd canonical variates axis.
The type specimens of H. alleni and H. stella were plotted on the scattergram of the first 2 canonical variates (Fig. 3) . The holotype of H. alleni clearly falls within the cluster comprising specimens of H. alleni, whereas the holotype of H. stella falls within the assemblage comprising specimens of H. stella haplotype clade 1. No name is currently available for populations identified as H. stella haplotype clade 2, found to the west of the Oubangui and Congo rivers.
Hylomyscus walterverheyeni, new species
Holotype.-Museum National d'Histoire Naturelle (MNHN) 2006.399 (field number GA1281); adult female; specimen in alcohol; skull complete (Fig. 4) Etymology.-The species is named in honor of our colleague the late Walter Verheyen, who initiated the taxonomic study on the genus Hylomyscus, and in recognition of his significant contribution to the systematics and biogeographic research on African small mammals.
Diagnosis.-A species of Hylomyscus morphometrically similar to H. stella, but with shorter molar rows, narrower zygomatic breadth, and smaller auditory bullae. This species can be distinguished from other species of Hylomyscus based on 16S rRNA and cytochrome-b sequences (Nicolas et al. 2006 [reported as H. stella2]).
Description.-Pelage soft and fine in texture, short (6-7 mm over middle rump) and close-lying. In living animals, dorsal and flank pelage appears red-brown and ventral pelage appears whitish gray; young specimens are blackish gray. Dorsal body hairs dark gray over most of their length, tipped with bright buff; guard hairs darker, a little longer than body fur. Ventral hairs lighter gray over the basal two-thirds of length, distal onethird bright white. Tail markedly longer than head and body (TL ¼ 150% 6 12% of HBL; SD ¼ 12%); color gray-brown; caudal scales finely textured and hairs short, about 1 annuli in length; tail thus appearing naked over most of its length, fine hairs becoming macroscopically visible toward the tip; caudal hairs brown. Hind feet short and narrow as for the genus; 5 digits; the 1st digit reaches slightly further than the base of the 2nd digit; digit 5 reaches about two-thirds of digit 4; plantar surface naked, with 6 well-formed pads. In the forefoot, the thumb is rudimentary and bears a flat nail; the 5th digit is long, approximately equal to the 2nd. Tops of fore and hind feet covered with short white hairs; nails covered by white hairs tufts. Mammae pattern: 2 pectoral and 2 inguinal pairs.
Braincase smooth, cranial vault markedly arched, especially over the parietals-interparietal (Fig. 4) . Interorbit relatively narrow, lacking supraorbital ridging or beading; interorbital borders mostly amphoral in shape. Zygomatic arches parallel-sided or slightly convergent rostrally; anterior edge of zygomatic plate more or less straight and perpendicular. Incisive foramen terminating posteriorly just short of or equal to the anterior root of M1. Palate smooth, slightly concave; posterior palatal foramina a single pair, set at the level of the 3rd lamina of M1. Mesopterygoid fossa narrow and elongated, its anterior border roughly squared. Tympanic bullae intermediate in size between H. stella and H. alleni. Coronoid process short and pointed, about same height as the condylar process.
Upper incisors orthodont or very slightly opisthodont, enamel face yellow-orange. Enamel face of lower incisors yellow. Upper molar rows about as long as the hard palate; toothrows nearly parallel. Breadth of M2 approximately equal to breadth of M1; breadth of M3 smaller. On M1, t 3 is poorly defined, t 7 is absent, and t 9 is present. On M2, t 3 is present, but is small; t 7 and t 9 are as on M1. On M3, t 3 is absent.
Comparisons between H. walterverheyeni and H. stella.-To appropriately assess the differences between H. stella and H. walterverheyeni, several populations of these 2 species were compared. These included 3 populations of H. stella from Uganda (see below), Irangi, and Kisangani, and 4 populations of H. walterverheyeni from Forêt des Abeilles, Dja, Odzala, and Doudou Mounts. Because of small sample sizes, popula- tions from Kalinzu, Entebbe, Maragnagambo, and Kanyawara were combined and are hereinafter referred to as ''Uganda. '' In the discriminant analysis, 44% and 23% of the total variation is expressed by the 1st and 2nd canonical variates axes, respectively (Fig. 5) . The scattergram of the 1st and 2nd canonical variates axes shows a good separation between populations of H. stella and H. walterverheyeni: populations of H. stella have lower scores on the 1st canonical variates axis than populations of H. walterverheyeni. The factor structure matrix indicates that UPTE, LOTE, ZYGO, and BULL are the most negatively correlated variables on the 1st canonical variates axis, whereas M1BR is the most positively correlated variable on this canonical variates axis ( Table 2) .
The 2nd canonical variates axis tends to discriminate populations of H. stella from Irangi-Uganda, with high canonical variates scores, and from Kisangani, with low canonical variates scores. This axis also tends to discriminate populations of H. walterverheyeni from Odzala, with high canonical variates scores, and Forêt des Abeilles and Dja, with intermediate canonical variates scores, and from Doudou Mounts, with low canonical variates scores. The 2nd canonical variates axis shows HEPA, M1BR, LOTE, DIA1, DIA2, and UPTE to be the most negatively correlated variables (Table 2) .
Comparisons between H. walterverheyeni and H. alleni.-In west-central Africa, H. alleni and H. walterverheyeni are sympatric (Nicolas et al. 2006) . To gain an insight into the nature and extent of geographic variation in craniodental measurements, we compared 3 populations of H. alleni (Dja, Ngotto, and Odzala) and 4 populations of H. walterverheyeni (Forêt des Abeilles, Dja, Odzala, and Doudou Mounts) using discriminant analysis. Seventy-one percent and 17% of the total variation is expressed by the 1st and 2nd canonical variates axes, respectively (Fig. 6) . The scattergram of the 1st and 2nd canonical variates axes shows a good discrimination between populations of H. alleni and H. walterverheyeni. Populations of H. walterverheyeni have lower canonical variates scores on the 1st canonical variates axis than those of H. alleni.
The factor structure matrix indicates that BULL, LNAS, ZYPL, and GRLS are the most negatively correlated variables on the 1st canonical variates axis (Table 2 ). There is no differentiation between the 3 populations of H. alleni on either the 1st or 2nd discriminant axes. The high degree of cranial morphometric variation observed in the populations from Ngotto and Doudou Mounts may be due to their larger sample sizes. The 4 populations of H. walterverheyeni greatly overlap. However, the population from Doudou Mounts has, on average, higher canonical variate scores on the 2nd canonical variates axis than populations from Dja and Odzala. The population from the Forêt des Abeilles has intermediate canonical variates scores on the 2nd canonical variates axis. The 2nd canonical variates axis is positively correlated with DIA1, DIA2, HEPA, and HEBA (Table 2) . Distribution.-Known collecting localities of the species are presented in Fig. 7 and were all confirmed by 16S rRNA gene sequence data (Appendix I). H. walterverheyeni is considered to be restricted to Cameroon, Gabon, Central African Republic, and Republic of the Congo. To date, this species has only been captured in the region between the Sanaga River and the Oubangui and Congo rivers. However, additional sampling is required to accurately define its distributional range.
Ecology.-Hylomyscus walterverheyeni is a forest-dwelling species. It can be found in a wide range of forest habitat types ranging from undisturbed primary forest (e.g., Doudou Mounts and Forêt des Abeilles, Gabon), to patches of secondary forest (e.g., Ménengué in Kouilou Basin, Republic of the Congo). It inhabits both evergreen forest (e.g., Dja, Cameroon) and semideciduous forest (e.g., Ngotto, Central African Republic). H. walterverheyeni seems to be restricted to the forest habitat. It was never captured in savannas or anthropogenic habitats. In Odzala National Park (Republic of the Congo), it was collected in Marantaceae forest and at the edge between forest and savanna, but it was never captured in small patches of isolated colonizing forest in savanna.
The species is commonly caught in traps set on the ground and in the undergrowth (Nicolas 2003) . It seems to be more abundant at a height of about 2 m from the ground, but has also been captured at a height of up to 17 m from the ground. Seasonal variation in trap success and reproduction of H. walterverheyeni were studied by Nicolas and Colyn (2003) at the type locality. These authors showed that trap success for H. walterverheyeni varied throughout the year, with a maximum during the short rainy season and a minimum during the long rainy season. Breeding occurs throughout the year, but the proportion of breeding females is at its highest during the long rainy season and the short dry season, and at its lowest at the beginning of the long dry season. The number of embryos ranged from 1 to 6, with an average litter size of 3.6 (n ¼ 12).
Feeding habits of the species were studied at Doudou Mounts (Nicolas 2003) and M'Passa (Duplantier 1982) in Gabon, and at M'Baiki (Genest Villard 1980) in Central African Republic. The diet of H. walterverheyeni is mainly composed of insects, fruits, and seeds whose relative abundance varies with locality and season.
Additional specimens.-To craniometrically characterize the new taxon and to study its genetic variability, we included in our analyses numerous other specimens from the type locality and from other localities (see Appendices I and II).
Remarks.-The C-banded karyotype (2n ¼ 46; FNa ¼ 68) of 3 specimens of H. walterverheyeni collected at the type locality is described by Lecompte et al. (2005) , in which these specimens were designated H. cf. stella. Variation in the fundamental number of chromosomes of the species is possible across its geographic range (FNa ¼ 68-70-Lecompte et al. 2005) , but this hypothesis needs to be investigated further. In 1 specimen from Burundi, designated H. stella, Maddalena et al. (1989) described a karyotype (2n ¼ 48, FNa ¼ 82) that was distinct from that of H. walterverheyeni. Additional analyses are needed to understand the nature and extent of the observed variation, and to test if the karyotype of H. stella is the same across its distributional range.
DISCUSSION
Results obtained from cytogenetic (2n and FNa- Maddalena et al. 1989 ), molecular (16S rRNA and cytochrome-b sequences- Nicolas et al. 2006) , and morphometric (this study) data are congruent. All these studies show that specimens previously identified as H. stella represent 2 cryptic species, namely, H. stella from east-central and east Africa and H. walterverheyeni from west-central Africa.
In central African forests, the fluvial system is presumed to be a major factor that determines the geographic distribution of terrestrial organisms (Colyn 1991; Colyn and Deleporte 2002; Colyn et al. 1991; Deleporte and Colyn 1999; Grubb 1990; Happold 1996) . According to current knowledge, the Oubangui-Congo fluvial system seems to limit the eastern distribution of H. walterverheyeni and H. alleni, whereas it limits the western distribution of H. stella. A similar pattern has been observed in other murid rodent species, such as Praomys petteri ).
In west-central Africa, H. alleni and H. walterverheyeni are sympatric. They co-occur in several localities such as Ngotto, Salo (Central African Republic), Odzala (Republic of the Congo), and Dja (Cameroon) . In Doudou Mounts (Gabon) , despite a comprehensive sampling effort, H. alleni was never collected. The morphological differences between these 2 species, taking into account that H. walterverheyeni was previously designated as H. stella, have been the subject of considerable debate (e.g., see Musser and Carleton 2005; Robbins et al. 1980; Rosevear 1966) . Our study shows that these 2 species can be distinguished craniometrically by multivariate statistics. Several cranial measurements (length of auditory bulla, length of nasals, breadth of zygomatic plate, and length of skull) are greater in H. walterverheyeni than in H. alleni. Intrapopulation variation in these cranial measurements is relatively important, whereas interpopulation variation is low. Interpopulation variation in cranial measurements mainly involves the henselion-basion length and henselion-palation length, the length of diastema, and the distance between M1 alveolus and the cutting edge of I1. More morphometric variation was recorded between populations of H. walterverheyeni than between populations of H. alleni.
In conclusion, our study allowed the description of a new species from west-central Africa, H. walterverheyeni, and provided an insight on how to discriminate this species from 2 other species of the alleni species group (H. alleni and H. stella). H. walterverheyeni and H. stella seem to have allopatric distributions, whereas H. walterverheyeni and H. alleni are sympatric in west-central Africa. The western limits of the geographic distributions of the 2 sympatric species still remain unknown. Additional sampling in western Cameroon, Nigeria, and the Dahomey gap region are required to gain a better understanding of the geographic distribution of these cryptic species.
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